Concomitant with the increased prevalence of immunocompromised persons, invasive fungal infections have become considerably more frequent in the last 50 years. High mortality rates caused by invasive mycoses and high morbidity because of intractable mucosal infections have created an unmet need for innovative prophylactic and therapeutic strategies against fungal pathogens. Several immunotherapeutics and vaccines are in development to address this need, although one has yet to reach the clinic. This review focuses on past and current immunotherapeutic and vaccine strategies being tested to either prevent or treat fungal infections, as well as the challenges associated with their development.
THE CASE FOR IMMUNOTHERAPY AND VACCINE DEVELOPMENT AGAINST FUNGI
T he burden of fungal pathogens to human health has substantially increased in the past half century attributable, in large part, to the burgeoning numbers of immunocompromised individuals. For example, in the early 1980s, the endemic fungus, Histoplasma capsulatum, caused the majority of invasive mycosis in the United States, with an estimated incidence rate of 13.9 cases per million per year. By 2003, opportunistic fungal infections rose to prominence causing more than 300 cases of invasive mycosis per million per year in the United States (Pfaller and Diekema 2010) . This staggering increase was partly because of the emergence of AIDS, which predisposes hosts to opportunistic pathogens such as Cryptococcus neoformans, the most common invasive fungal pathogen in this population. In fact, the incidence rate of cryptococcosis peaked in the early 1990s in the United States before highly active antiretroviral therapy (HAART) became widely available by the end of the decade. The effect of HAART on the decrease in incidence of cryptococcosis is evident in cities such as Houston, TX, which saw a 92% decline in cases of cryptococcosis in its HIV-infected population from 1993 to 2000 (Pfaller and Diekema 2010) . However, in subSaharan Africa, where HAART is not as widely accessible, cryptococcal meningitis may surpass tuberculosis in mortality, killing an estimated 530,000 people yearly (Park et al. 2009 ).
In most of the developed world, immunosuppression caused by AIDS accounts for only a minority of invasive fungal infection (IFI) cases. Only 4% of all patients diagnosed with invasive mycoses in the United States have HIV (Pfaller and Diekema 2010) . The vast majority of IFIs are contracted in a hospital setting, where Candida species (spp.) rank fourth among causes of nosocomial bloodstream infections. In fact, 80% of candidemia cases occur in the absence of overt immunosuppression. In these patients, risk factors associated with infection are largely related to medical interventions, such as the use of broad-spectrum antibiotics or placement of a central venous catheter. The remaining 20% of cases occur in classically immunosuppressed patients who are at greatest risk for developing IFIs over their lifetime. These patients often suffer from hematologic malignancies, undergo cancer chemotherapy or other immunosuppressive therapy, or are recipients of organ or bone marrow transplants (Perlroth et al. 2007) . Although medical intervention contributes to the high IFI incidence, fungal infections are generally underdiagnosed. This is, in part, a result of nonspecific clinical signs and symptoms associated with these infections, as well as the lack of sensitive diagnostic tests for some of the mycoses . Such obstacles can hinder the timely administration of antifungals, substantially contributing to high mortality rates (Perlroth et al. 2007; Pfaller and Diekema 2010) .
Even if an accurate diagnosis is achieved early in infection or empiric treatment started for symptomatic patients presenting with relevant risk factors, overall mortality rates for both endemic and opportunistic IFIs are still quite high (Pfaller and Diekema 2010) . Mortality rates attributable to invasive candidiasis can reach 40% despite empiric treatment (Perlroth et al. 2007) . Several factors contribute to such high case fatality rates. First, most patients presenting with IFIs have serious underlying diseases (Pfaller and Diekema 2010; Dimopoulos et al. 2013) . Second, several of the antifungals currently available can cause severe side effects and adversely interact with many of the other drugs routinely administered (Dimopoulos et al. 2013) . Last, susceptibility to these antifungals is highly variable across fungal species, and emerging resistance is an increasing concern (Pfaller and Diekema 2010; .
Although invasive mycoses are the most deadly manifestation of fungal infections, cutaneous mycoses are much more common . In particular, mucosal candidiasis affecting the oral cavity and gastrointestinal and genitourinary tracts can significantly impact quality of life and are often refractory to antifungals (Vecchiarelli et al. 2012) . Recurrent vulvovaginal candidiasis, for example, affects 75 million women of childbearing age worldwide , and long-term use of antifungal agents in this population is thought to be contributing to the emergence of resistant strains (Vecchiarelli et al. 2012) . Thus, there is a significant need for new therapies targeting both invasive and mucosal mycoses.
Currently, there are no immunotherapeutics or vaccines approved for the treatment or prevention of fungal infections. Several candidates are in the preclinical stage of development and two vaccines against Candida spp. are undergoing clinical trials (De Bernardis et al. 2012; Schmidt et al. 2012) . Reviewed here are therapeutic and prophylactic strategies that rely on the immune system or specific immune components (Table 1) . Important concepts and challenges involved in the eradication and resolution of fungal infections are exemplified.
IMMUNOTHERAPY
Generally, fungal immunotherapy involves the administration of exogenous immune agents, such as white cells, antibodies, and cytokines, to beneficially alter the course of infection (Dan and Levitz 2006; Armstrong-James and Harrison 2012) . Reviewed below are monoclonal antibodies (mAbs) and dendritic cell (DC) therapy, and vaccine strategies developed to treat or prevent fungal infections.
Antibody Therapy
Antibodies or immunoglobulins recognize diverse antigens through the genetic rearrangement and somatic hypermutation of its variable regions (Schroeder and Cavacini 2010) . Constant regions, designated by an immunoglobulins isotype, are recognized by Fc receptors (FcR) on immune cells and C1q, a factor involved in the complement cascade that can lead to bacterial but not fungal lysis. Fungi resist lysis by porting a rigid cell wall composed of a skeletal framework of fibrillar polysaccharides cemented by amorphous polysaccharides dec-orated with surface proteins. The innermost layer of the fibrillar framework is composed of chitin cross linked to b-1,3-glucans that expand outward. These two polysaccharides are common among fungi, making them attractive therapeutic targets. The chemical identity of the amorphous polysaccharides differs among species, although it generally includes mannans of varying lengths and linkages (Latge 2010) . Although fungi evade lysis by the complement system, deposition of complement components, such as C3b and iC3b on its surface, leads to its opsonization, enabling phagocyte recognition of fungal particles (Cutler et al. 2007) .
In many instances, ingestion of pathogens opsonized by antibody and/or complement leads to killing and protection to the host; however, in some cases, antibodies are not protective. For example, H1C, an IgG1 mAb specific for an uncharacterized 70-kDa protein on the surface of H. capsulatum, showed no protective effect when given 2 h before challenge, despite enhancing phagocytosis by a murine macrophage cell line (J774.16) (Lopes et al. 2010) . In contrast, the same group treated mice in a similar fashion with IgG1 mAbs against heat shock protein 60, and these mice were protected from infection (Guimaraes et al. 2009 ). This discrepancy illustrates how the identity of the antigen targeted by an antibody is an important factor in determining its effectiveness.
Furthermore, the epitope recognized by an antibody can also play a role in its effectiveness during an infection. This was illustrated by Casadevall and coworkers, who characterized monoclonal IgMs produced by two hybridoma cell lines derived from the same B cell (Mukherjee et al. 1995; Nussbaum et al. 1997) . Because of somatic mutations, the mAbs differed by 11 residues in their variable regions and, therefore, recognized different epitopes on the capsule produced by C. neoformans. Although they showed similar half-lives and were able to agglutinate fungal particles, one monoclonal IgM (Fig. 1) . The other monoclonal IgM (12A1) bound epitopes found mostly on the outer surface of the capsule and, when given before infection, this mAb was found to be more protective than 13F1 (Mukherjee et al. 1995; Nussbaum et al. 1997 ).
The constant region of an antibody also contributes to its effectiveness. This region is determined by a B cell's activation status and the signals it receives from CD4 þ T cells. After binding an antigen recognized by a surfacebound IgD or monomeric IgM, B cells become activated and start producing pentameric IgM (Cutler et al. 2007 ). As CD4 þ T cells also become activated, they start producing cytokines, such as interleukin-4 (IL-4) or interferon-g (IFN-g), and up-regulate the expression of CD40 ligand on their surface. These molecules engage their respective receptors on the surface of B cells and induce the rearrangement of the constant region in the immunoglobulin produced (Kehry and Hodgkin 1993; Kehry and Castle 1994) . This rearrangement is known as "isotype switching" and, depending on the cytokine signal, B cells will produce IgE, IgA, or a subclass of IgG instead of IgM. For example, in humans, IL-4 will induce IgG4 or IgE production, whereas IFN-g induces IgG1. The IgG subclass and isotype induced by each cytokine differ between humans and mice. Therefore, in mice, IL-4 will induce IgG1 and IgE production, whereas IFN-g induces mainly IgG2a (Mestas and Hughes 2004; Murphy et al. 2012b) .
A number of studies have looked at the impact of the constant region on the effectiveness of mAbs. For example, when a human hybridoma cell line (3E5) spontaneouslyswitched from producing a nonprotective anticapsular IgG3 antibody against C. neoformans to producing an IgG1 antibody with the same variant regions, the IgG1 isotype was found to prolong survival in mice after infection (Yuan et al. 1995) . Another group used the same hybridoma cell line to test the efficacy of additional human IgG subclasses. Beenhouwer et al. (2007) constructed recombinant human IgG1, IgG2, IgG3, and IgG4 mAbs by cloning the variable region expressed by 3E5 cells into expression vectors containing the sequence for each IgG subclass. After challenge with C. neoformans, IgG2 and IgG4 were shown to provide better protection than IgG1 or IgG3.
The elements that recognize the constant regions of antibodies, namely, FcRs and C1q, (Schroeder and Cavacini 2010; Bruhns 2012) . Additionally, FcRs and the eight complement receptors that mediate phagocytosis are expressed by different immune cell types and regulate a diverse array of cell functions, including degranulation and proliferation (Ricklin et al. 2010; Bruhns 2012 ). This complexity allows for the flexibility needed to respond to the wide variety of insults handled by the immune system.
Some mAbs possess antifungal properties that are independent of immune cell activity. For example, when incubated with C. neoformans, 2G8(IgG2b) prevents capsule formation and reduces capsule size (Hole and Wormley 2012) . 2G8 has also been found to be fungistatic against Candida albicans and prevent its attachment to human epithelial cells in vitro (Phan et al. 2007; Torosantucci et al. 2009; Dwivedi et al. 2011) . The efficacy of 2G8 in vivo has shown therapeutic promise in mouse models of pulmonary cryptococcosis, as well as invasive and vaginal candidiasis (Torosantucci et al. 2009; Capodicasa et al. 2011; Hole and Wormley 2012) .
Another antibody-mediated intervention being tested for the treatment of fungal infections involves labeling an anticapsular IgG1 mAb (18B7) specific for C. neoformans with radioactive isotopes. The isotopes, 213 bismuth and 188 rhenium, which emit a and b particles, respectively, have been shown to significantly prolong survival of infected mice (Dadachova et al. 2003) . Additionally, 213 Bi-18B7 was shown to be superior to amphotericin in clearing disseminated C. neoformans (Bryan et al. 2010 ). An advantage of therapeutics, such as the fungistatic 2G8 antibody and radiolabeled antibodies, is that their effectiveness is independent of a host's immunological status, making them excellent contenders in treating IFIs in immunocompromised patients. A drawback specific to passive anticapsular antibody therapy, however, is that Cryptococcus spp. shed their capsule during infection. This phenomenon could lead to antibody forming immune complexes with circulating capsule rather than promoting opsonophagocytosis or direct antifungal activity in target tissues (Hogan et al. 1996) .
Other disadvantages, which could be potentially associated with passive antibody therapy, include (but are not limited to) the emergence of resistance, inconsistent protection across patient populations, and dependence on early diagnosis for optimal protection. The emergence of resistance to mAbs would most likely occur for therapies that target fungal proteins, which can lose or mask the antibody-binding site while maintaining function. Additionally, antibodies that require recognition by host factors to be protective may be ineffective in patient populations in which these factors fail to optimally function with that specific antibody isotype. These variations may be a result of single nucleotide polymorphisms or severe immunodeficiencies that may be contingent on that patient's risk factors in contracting the infection. For example, if the mechanism by which a specific antibody delivers protection requires a healthy neutrophil population, then neutropenic patients would not be expected to benefit from such treatment. Finally, antibody therapy may be most effective when the organism burden is low early in infection, which would require better diagnostic tools than are available today. However, the study of how mAbs specific for fungi affects disease outcome not only contributes to the development of potential therapies but could also assist in the development of better diagnostic tools and help provide clues on how to design a protective vaccine.
Dendritic Cell Immunotherapy and Vaccination DC immunotherapy involves incubating or "pulsing" DCs ex vivo with select antigens or pathogens, then returning the cells to the host to boost protection against an infectious agent. This therapeutic strategy can be contrasted to DC vaccination, in which the goal is to protect the host against future pathogen exposure. Although the technical process is the same, the major difference between the two strategies comes down to the timing of the intervention. DC vaccination requires that the treatment be performed before infection and DC immunotherapy happens after diagnosis.
DCs are activated after sensing pathogenassociated molecular patterns through pattern recognition receptors (PRRs), which induce the up-regulation of cytokines and costimulatory proteins (Toews 2001; Cassone 2008) . These proteins engage their receptors on the surface of T cells that recognize antigens presented by DCs on major histocompatibility complex (MHC) molecules (Toews 2001) . Depending on the cytokines produced, CD4
þ T cells will differentiate into a specific T helper (T H ) subtype (Murphy et al. 2012a ). For example, if DCs produce IL-12, CD4
þ T cells will emerge as T H 1 cells. Each T H subtype will produce a set of cytokines that will induce a particular set of immune responses. The T H subtypes that correlate best with protection against fungi are T H 1 and T H 17 (Hamad 2008; Carvalho et al. 2012; Iannitti et al. 2012) . T H 1 cells produce IFN-g, which induces cell-mediated immunity by activating phagocytes. T H 17 cells produce IL-17 and IL-22, augmenting a neutrophilic response and stimulating the production of antimicrobial peptides in the affected tissue. Finally, Treg cells produce transforming growth factor-b and IL-10 and help contain the inflammatory process instigated by the other cell types (Iannitti et al. 2012) .
One peptide that has shown promise as an antigen for DC immunotherapy is P10, a 15-amino acid synthetic oligomer that has been previously mapped to be a T-cell epitope found on a highly immunogenic protein secreted by Paracoccidioides brasiliensis (Taborda et al. 1998) . When bone marrow DCs pulsed with P10 were given subcutaneously to naïve mice that were subsequently infected with P. brasiliensis yeasts, researchers found an 2-log decrease in fungal burden in immunized mice compared with control groups. This strategy was also successful in decreasing fungal burdens in the lungs of mice infected 30 days before therapy, suggesting that this strategy can be therapeutic as well as prophylactic (Magalhaes et al. 2012) .
Although DCs act mainly as antigen-presenting cells (APCs), they are a heterogeneous population of cells that express different combinations of PRRs. Depending on the stimulus sensed, distinctive DC subsets will induce disparate T-cell responses. Therefore, the subset of a specific DC population must be taken into account when designing DC immunotherapy strategies. Romani and coworkers (2006) used two distinctive DC populations in a strategy that modeled bone marrow transplantation in mice. In this study, C57BL/6 mice transplanted with lymphocyte-depleted bone marrow from BALB/ c mice were immunized with conventional dendritic cells (cDCs) or plasmacytoid dendritic cells ( pDCs) pulsed with Aspergillus fumigatus conidia. Mice then received a pulmonary challenge with A. fumigatus 14 days after transplant. The group that received pDCs was 100% protected, whereas mice that received cDCs generally died within 10 days after challenge. pDCimmunized mice had higher levels of Treg cells in draining lymph nodes after infection, whereas cDC-immunized mice had higher levels of IFN-g, indicative of a strong T H 1 response (Romani et al. 2006) . The outcome in this experiment illustrates how an overzealous inflammatory response induced by vaccination may result in undesirable consequences for the host.
DC vaccination may not be economically tenable for prophylaxis of the general population; however, it could be feasible in high-risk groups such as bone marrow transplant patients. DC immunotherapy may prove useful as an adjunctive therapy in established fungal infections. Additionally, understanding how DCs provide protection against specific pathogens helps narrow down antigen components formulated in potential vaccines (Steinman and Banchereau 2007) . Other fungal vaccination strategies target specific receptors on DCs, particularly Dectin-1, a PRR that binds b-glucans. Dectin-1 has been shown to be indispensable for host defenses against several fungal pathogens by linking fungal cell wall recognition to T H 1 and T H 17 responses (Hardison and Brown 2012) . Antigen-loaded glucan particles derived from Saccharomyces cerevisiae cell walls deliver their cargo to DCs resulting in antigen-specific antibodies and a T H 1/T H 17-biased CD4 þ T-cell response (Huang et al. 2012 (Huang et al. , 2013 .
VACCINES
As a prophylactic strategy, vaccination has had unparalleled success in preventing morbidity and mortality from infectious diseases (Roush and Murphy 2007) . However, currently there are no fungal vaccines approved for human use. This is partly because of the stringent safety and effectiveness criteria vaccines must meet to be licensed. Because the intended population for preventive vaccines is generally healthy, benefit to risk ratios for a new vaccine must be very high. Therefore, vaccines have to be safe, inflict few side effects, and sustain long-term protection in a population with varied genetic backgrounds and MHC haplotypes (Levine and Sztein 2004) . A less favorable side effect profile may be tolerated for therapeutic vaccines that provide benefits over existing treatments.
Despite these hurdles, there are two antiCandida recombinant protein vaccines that are currently in clinical trials. Additionally, there are several other fungal vaccines in preclinical development. These include killed and live-attenuated whole cell vaccines, as well as subunit recombinant protein and polysaccharide-protein conjugate vaccines. Each of these strategies has unique advantages and disadvantages, which will be discussed below but most target antigens that are specific for only one fungal genus. At least two strategies, however, take advantage of the common epitopes found in the skeletal framework of the fungal cell wall. One uses killed S. cerevisiae to direct immune cells to recognize common fungal wall polysaccharides including glucans and mannans (Liu et al. 2011a ). Another universal vaccine design uses b-glucans conjugated to an inactivated version of diphtheria toxin to elicit responses against different pathogenic fungi (Torosantucci et al. 2005 ). These aforementioned studies are described at greater detail below.
Killed and Attenuated Vaccines
The first vaccines used to immunize humans were developed empirically by exposing individuals to attenuated or killed pathogens to elicit immunological memory. Several studies have evaluated the effectiveness of killed and attenuated fungi as potential vaccines, including S. cerevisiae, which has the potential to protect individuals from the major fungal pathogens. Immunization with heat-killed S. cerevisiae yeasts (HKY) by subcutaneous injection has been shown to be protective against C. albicans (Liu et al. 2012a) , A. fumigatus (Liu et al. 2011a) , and the endemic fungus Coccidioides posadasii (Capilla et al. 2009 ). Presumably, immunization with S. cerevisiae offers protection against a variety of fungi because it shares with them common polysaccharide epitopes found on its cell wall. Additionally, it may also elicit responses that are cross-reactive to homologous proteins found on pathogenic fungi (Liu et al. 2011a) . Although protective against many different fungi, HKY is less effective in preventing mortality in models of coccidioidomycosis than a more specific vaccination regimen using formalin-killed Coccidioides immitis spherules (FKS). Vaccination with HKY or FKS protected 70% and 100% of CD1 mice, respectively, from an otherwise lethal C. immitis challenge (Capilla et al. 2009 ). Inasmuch as S. cerevisiae acts as a universal fungal vaccine, it may lack sufficient specificity to be as effective as vaccines that contain pathogenic fungal antigens. Whether these studies could be translated to humans, who have greater natural exposure to fungi than laboratory mice living in filtered cages, is unclear. Notably, a phase III placebocontrolled clinical trial evaluating the efficacy of the FKS vaccine found it to be ineffective in preventing coccidioidomycosis or mitigating severity of disease (Pappagianis 1993) . Xue et al. (2009) developed another whole fungal cell vaccination strategy against coccidioidomycosis. This group vaccinated BALB/c and C57BL/6 mice with an attenuated strain of C. posadasii, which cannot endosporulate because of the loss of two chitinase genes. They found that two subcutaneous injections with the attenuated strain 14 days apart protected 75% -100% of the animals from an otherwise lethal pulmonary challenge with the virulent C735 strain of C. posadasii (Xue et al. 2009 ).
Attenuated live vaccines generally have a good safety profile in immunocompetent individuals; however, they may still cause an infection or a dysregulated inflammatory response in immunosuppressed individuals (Pirofski and Casadevall 1998) . Therefore, this strategy may be most appropriate in the case of endemic fungi, which can infect immunocompetent individuals (Chu et al. 2006) . However, there are exceptions to this rule depending on the type of immunosuppression, as the Centers for Disease Control and Prevention recommend that certain live vaccines be administered to a subset of immunocompromised patients (ACIP 2011). An attenuated version of Blastomyces dermatitidis, also an endemic fungus, has been tested as a possible immunization strategy in settings of low CD4
þ T-cell counts as encountered in AIDS patients. Deletion of Blastomyces adhesin-1 (BAD1) in this dimorphic fungus renders the organism avirulent in mouse models of disease. Subcutaneous immunization with this mutant (DBAD1) protected 100% of CD4 2/2 mice from a lethal inoculum (Wuthrich et al. 2003 ).
Yet, another live vaccine strategy that has been successful in a CD4 þ T-cell-deficient mouse model involved immunizing mice with a C. neoformans strain engineered to produce murine . This strain has been previously shown to protect mice from infection with the wild-type C. neoformans strain by inducing a T H 1 response (Wormley et al. 2007) . In a more recent study, depletion of CD4 þ or CD8 þ T cells during the immunization phase ( primary infection with H99g) or secondary lethal infection protected 100% of mice from mortality. However, when both CD4 þ and CD8 þ T cells were depleted during immunization with H99g or secondary infection, mortality reached 100% (Wozniak et al. 2011) . Although the H99g strain vaccine could not be used in humans, it does serve as a proof of concept for live vaccination strategies, whereby pathogens are genetically engineered to produce cytokines that enhance host-protective responses.
Killed and attenuated vaccines are highly effective in combating opportunistic and endemic fungal infections. It is possible that the DBAD1 attenuated B. dermatitidis vaccine and a humanized version of C. neoformans H99g vaccine could protect individuals with low CD4 þ T-cell counts, such as HIV patients. However, assuring the safety of attenuated vaccines in the immunosuppressed population has historically been challenging, as previously discussed. In immunocompetent individuals, attenuated vaccines against viral infections have been highly successful, and perhaps an attenuated vaccine against an endemic fungal pathogen may contribute to the eradication of these diseases where they are prevalent.
Recombinant Protein Vaccines
The increased knowledge obtained in the last century in the fields of microbial pathogenesis and basic immunology has contributed to the development of acellular vaccines. In particular, recombinant protein vaccines would not be possible without our increased understanding of the innate immune system, especially the role DCs play in shaping the adaptive immune response. With some exceptions, protein antigens by themselves are not sufficient to activate APCs and elicit an adaptive immune response. Therefore, acellular vaccines are frequently formulated with an adjuvant to potentiate the immunogenicity of the antigen and skew adaptive immunity to the appropriate response. Many adjuvants are microbial products that activate APCs by binding PRRs. However, some are still in preclinical evaluation and others are not approved for use in humans because of high toxicity (Tritto et al. 2009; Levitz and Golenbock 2012) .
One class of adjuvants that is approved for human use is aluminum salts such as aluminum hydroxide and aluminum phosphate. Commonly known as "alum," this adjuvant elicits strong antibody-mediated responses to admixed antigens (Levitz and Golenbock 2012) . As such, alum is commonly used in vaccines that are designed to promote complement-mediated lysis and opsonophagocytosis, as well as neutralize protein toxins, viral particles, and other pathogens from attaching to host tissue (Tritto et al. 2009 ). NDV-3 (NovaDigm, Grand Forks, ND), an anti-Candida vaccine that in-cludes the invasin protein agglutinin-like sequence 3 (Als3p) and alum in its formulation (Schmidt et al. 2012) , prevents yeast attachment and invasion of epithelial and endothelial cells. This strategy works by eliciting IgG and IgA against Als3p (Phan et al. 2007) . In a phase I clinical trial, NDV-3 was found to be safe and tolerable in research subjects, and shown to elicit IFN-g-and IL-17A-producing antigen-specific T cells (Schmidt et al. 2012) . In animal models, this vaccine protected mice from oropharyngeal, vaginal, and invasive candidiasis (Spellberg et al. 2006; Ibrahim et al. 2013) . Furthermore, because of high structural homology between Als3p and clumping factor A on the surface of Staphylococcus aureus, NDV-3 has also been shown to be protective against this highly virulent bacterial pathogen in animal models (Spellberg et al. 2008) . If found efficacious in humans, NDV-3 could have a high impact in driving down mortality from hospitalacquired infections by targeting two of the most deadly nosocomial bloodstream infectious agents (Pfaller and Diekema 2010) .
Adjuvanticity can also be achieved by attaching a relevant antigen to the shell of a virus. Not only can the shell, or virosome, activate APCs but it also acts as a carrier, delivering a desired antigen to targeted cells. Pevion Biotech (Bern, Switzerland) is developing a virosome-based vaccine against recurrent vaginal candidiasis, targeting secreted aspartyl proteinase-2 (Sap2). Sap2 is a virulence factor that is highly expressed by Candida spp. isolated from vaginal mucosa. This protease hydrolyzes both structural and immune-associated proteins such as complement factors and immunoglobulins (Cassone et al. 2007 ). Rats immunized with recombinant amino-terminal region of Sap-2 attached to H1N1 virosomes showed accelerated clearance of vaginal candidiasis, and were shown to produce IgA and IgG against Sap2 in vaginal fluid (De Bernardis et al. 2012) . Although results have not yet been published, a phase I clinical trial has been conducted (NIH 2010) .
In contrast to whole cell vaccines, recombinant vaccines are generally much safer, particularly for use in immunocompromised patients (ACIP 2011). However, designing recombinant vaccines can be quite challenging because antigens have to be chosen on the basis of immunogenicity and potential effectiveness to conserve human and economic resources needed to assess potential vaccines in clinical trials. In fact, both of the subunit vaccines mentioned above were designed based on what was known about their respective antigens, particularly the antigen's role in the pathogenesis of infection (Cassone et al. 2007; Phan et al. 2007 ). When formulating recombinant fungal vaccines, special consideration must also be given to the method chosen for its synthesis, as native glycosylation is lost in bacterial expression systems. Lack of native glycosylation decreases the immunogenicity of some fungal proteins (Lam et al. 2005; Levitz and Specht 2006; Specht et al. 2007 ).
Conjugate Vaccines
Although epitopes on polysaccharides can be recognized by B-and T-cell receptors, for antigens to be presented to T cells, they must be loaded on MHC molecules, which only bind peptides. To bypass this bias toward peptide antigens, vaccinologists have conjugated polysaccharides to proteins thus creating antigens that can be presented on MHC molecules and select B and T cells that that are specific for glycan epitopes. The first conjugate vaccine developed for fungal infections contained C. neoformans capsular polysaccharide, glucuronoxylomannan (GXM) covalently linked to tetanus toxoid (TT). Given with monophosphoryl lipid A (MPL) as an adjuvant, this antigen elicited high levels of IgG and IgA specific for GXM and protected 70% of intravenously challenged mice. Protection from mortality was at least partially conferred by elicited antibodies, as adoptive transfer of antisera from immunized animals also protected mice from a lethal inoculum of intravenously administered C. neoformans (Devi 1996) . Torosantucci et al. (2005) have conjugated laminarin, a b-glucan polysaccharide derived from brown algae, to inactivated diphtheria toxin (CRM) to create a universal fungal vaccine. This conjugate, injected with complete Freund's adjuvant (CFA) subcutaneously, protected 70% and 80% of CD2F1 mice from invasive candidiasis and aspergillosis, respectively, whereas 20%-30% of mice given CFA or CRM alone survived either infection. The laminarin-CRM conjugate was also effective in treating vaginal candidiasis in Wistar rats when given with cholera toxin as an adjuvant (Torosantucci et al. 2005) .
A b-1,2-mannotriose conjugated to a peptide segment from fructose bisphosphate aldolase (Fba) and TT has also been tested as a possible anti-Candida vaccine. Fba protein and b-1,2-mannose are antigens found on the surface of Candida spp. Different formulations of this vaccine were tried in a BALB/c invasive candidiasis model. One group received the conjugate (b-man-Fba-TT) by itself, another received conjugate and alum, and the third group received conjugate along with MPL. The conjugate only and conjugate plus alum groups received the most protection as 100% of the mice survived infection, compared with 0% -20% in the control group, whereas 60% mice receiving the conjugate and MPL formulation survived the infection. In this strategy, coupling of the inactivated tetanus toxin to the glycanpeptide conjugate was crucial for the success of the vaccine, as 100% of the mice immunized with just b-1,2-mannotriose-Fba succumbed to infection (Xin et al. 2012) .
Conjugating proteins to polysaccharides enables the immune system to recognize abundant fungal cell wall glycan components, increasing the chance that antibodies will recognize the pathogen. Additionally, this strategy can be used to target saccharide epitopes that are common to all fungi, particularly b-glucans, thereby creating one vaccine that is effective against a broad range of pathogenic fungi. This may be particularly advantageous to patients who are iatrogenically immunosuppressed and at high risk for developing disseminated infections from multiple fungal pathogens. Although highly needed, developing immunizations for this population can be quite challenging, as they are less likely to respond to acellular vaccines and may be at risk for developing disease after attenuated immunizations. However, acellular vaccines may retain efficacy if given before the start of the immunosuppressive regimen (Bozza et al. 2009 ).
CONCLUSION
Largely because of medical advances and the emergence of AIDS, the number of immunosuppressed individuals susceptible to fungal infections has exponentially increased in the last 50 years. High mortality rates associated with IFIs have emergently precipitated the need for new therapeutics. In addition, advancements in understanding host -pathogen interactions in mucosal infections and IFIs have brought several immunotherapy and vaccine strategies to the preclinical stage of development. Out of the strategies that have been shown to be successful at this stage, a few have gone on to be tested in clinical trials. Lack of awareness about the severity of the human and economic toll fungal infections inflict worldwide has contributed to a poor funding climate for medical mycology . Despite these challenges, some strategies described above have reached clinical trials and show some promise as they advance in clinical development. Hence, there is hope that with the further development of immunotherapies and vaccines, at least some lethal fungal infections will become rare once again.
